Chlorophyll site excitation energies of the peripheral plant light-harvesting complex (LHC-II) have been determined by simulating the steady-state absorption and circular dichroism spectra and using new structural data. By applying the genetic algorithm search procedure it has been found that the fit to circular dichroism spectra is critical in narrowing the space of possible solutions. The obtained chlorophyll energy assignment has been verified by the Monte Carlo simulations of the excitation annihilation kinetics. It suggests that the chlorophyll a dimers a611-a612, a613-a614, and a602-a603 constitute the sites for the energy migration across the peripheral plant light-harvesting antenna.
Introduction
Light-harvesting and charge separation are the primary processes in photosynthesis. In plants, green algae, and cyanobacteria, the function of harvesting the solar energy is driven by the cooperation of two large protein-cofactor complexes, photosystems I and II, which are located in the thylakoid photosynthetic membranes. Advance in protein-pigment complex refinement techniques enables resolving the structure of both photosystems and their components at high resolution providing crucial data for understanding how high efficiency of photosystems I and II in light capturing and electron transfer is achieved.
LHC-II, the most abundant integral membrane protein of photosystem II in chloroplasts, exists as a trimer and binds half of the thylakoid chlorophyll molecules. The first structure of LHC-II from pea has been determined by electron crystallography at 3.4 Å (4.9 Å) resolution parallel (perpendicular) to the membrane plane [1] . These data revealed some basic structural features of LHC-II, including three transmembrane α-helices (helices A, B, and C) and a short amphipathic helix (helix D), 12 chlorophyll tetrapyrroles with roughly determined locations and orientations, and two carotenoids. A new improved structure of LHC-II from spinach at 2.7 Å resolution has exhibited 14 chlorophylls and unambiguously distinguished them as eight Chl a and six Chl b molecules [2] .
By using the low resolution structural data multiple attempts to explain the spectroscopic results on the basis of the excitonic model have been made in order to achieve the detailed understanding of the functioning of LHC-II. However, this task was too complicated not only because of the low resolution of the crystal structure but also because of the strong overlap of many absorption bands. Therefore, numerous spectroscopic and biochemical experiments were performed in order to reveal the structure-function relationship for LHC-II (see [3] for review). Site-directed mutagenesis studies of the chlorophyll binding residues have determined that five sites are occupied by Chls a, three sites by Chls b, and four sites can bind both Chl a and Chl b molecules [4] [5] [6] [7] . Several plausible configurations of the antenna including Chl a/b identities, site energies, and orientations of the 12 Chls were found by modelling the steady-state ant transient absorption (TA) spectra [8] [9] [10] [11] [12] .
Recent studies of the energy transfer between the chlorophylls using TA and time-resolved fluorescence as well as three pulse photon echo peak shift (3PEPS) and transient grating (TG) measurements have revealed that Chl b to Chl a transfer is characterized by time constants of 300 and 600 fs at 77 K [13] [14] [15] [16] [17] or 150 and 600 fs at room temperature [13, [18] [19] [20] and by a minor 4-9 ps component. Equilibration in the Chl a pool occurs within a few hundred femtoseconds, but at blue side excitation the slow picosecond components are also observed [14, 16] . Even more complex excitation energy relaxation channels are developed while simultaneously fitting the steady-state spectra, including absorption (OD) and linear dichroism (LD), TA, TG, and 3PEPS kinetics, with the Redfield relaxation theory [10, [21] [22] [23] [24] .
Using new structural data a new exciton model of the LHC-II trimer with specific site energies has been proposed [25] . It has been shown that the fast Chl b→Chl a transfer is determined by a link of the Chls b to strongly coupled Chl a clusters. Long-lived (3-12 ps) components of the energy transfer kinetics are determined by a very slow flow of energy from the so-called monomeric bottleneck sites to the Chl a clusters. The dynamics in the Chl a region is determined by a fast (100-300 fs) exciton relaxation, the slower (300-800 fs) migration between these clusters, and a very slow transfer to the quasi-equilibrated Chl a sites located on the outer side of the trimeric LHC-II complex.
It is important to note that a variety of the energy transfer time scales stems from the inhomogeneity of Chl site excitation energies. However, the assignment of kinetic components to individual Chl molecules or their clusters is problematic as many dissimilar excitation energy assignments may result in similar simulated kinetics. Firstly, the uniqueness of the Chl site energy assignments remains an open issue because the simulation of kinetic data is a costly procedure disabling the test of the statistically meaningful number of assignments. Secondly, the kinetic data can be potentially subjected to the exciton-exciton annihilation altering the Chl spectral properties.
In this paper we focus on exhaustive searching for Chl transition energies of the trimeric LHC-II lightharvesting complex by a genetic algorithm (GA) using the new crystal structure [25] and exciton modelling of OD and circular dichroism (CD) spectra at room temperature. Usage of the steady state spectra for the fitting criterion enables the testing of as large as possible set of different assignments. Inclusion of the CD spectrum into the fitting criterion makes the fitting task favourably different from that in the recent Chl assignment studies. The rotational polarization is very sensitive to the excitonic interaction and therefore significantly narrows the space of possible solutions. The Monte Carlo simulation of the transient absorption spectra under the exciton-exciton annihilation conditions serves as a dynamic validation criterion of the Chl assignment. The most likely assignments are compared to the recently obtained model [25] based on the combined steady-state spectra and kinetic simulations.
Model and methods

Exciton spectra
To expose the excitonic effect on the long wavelength spectrum we will relate the transition energy of each Chl molecule to the two-level scheme determining the electronic ground φ 0 i and excited (φ * i )states of the ith molecule with characteristic energies ε 0 i and ε * i , respectively. The exciton Hamiltonian of the system in the Heitler-London approximation thus can be presented accordingly [26] :
where ε i = ε * i −ε 0 i corresponds to the excitation energy of the ith molecule,
is the wave function for the excitation situated on the ith molecule, W ij is the matrix element of the resonance interaction between the ith and jth molecules. The Chl-Chl intermolecular distances in LHC-II exceed 8 Å [2] , thus, the overlap of molecular wave functions is negligible and therefore the electron exchange effect in the intermolecular interaction can be neglected. In this case the dipole-dipole approximation determining the interaction between two point-dipoles separated by the distance R can be used:
where − → µ i is the vector of the transition dipole moment of the ith molecule, C is the parameter determining the local field effect as well as the numerical relationship between the energy scale for the matrix element and the strength scale for the transition dipole moment [26] . Thus, for interacting molecules of the same type we get:
where is the orientation factor, µ and R determine the corresponding unit-vectors, and d = |µ| 2 is the dipole strength of the molecular transition. The dipole moment of the longest wavelength transition of the Chl molecules is oriented almost along the line connecting N II and N IV atoms in the chlorine plane [27] . C takes into account the influence of the medium and is given by C = (n 2 + 2) 2 /9n 2 [26] . By neglecting the specificity of the protein surrounding of Chls for W ij given in cm −1 and d in Debye 2 , we can assume that n = 1.5 (this gives C = 0.89) and d = 21.5 Debye 2 [28] .
The excitonic OD and CD spectra have been calculated by using the eigenenergies and eigenvectors of the Hamiltonian as given in Eq. (1) and following the conventional expressions [26] . Direct diagonalization of the exciton Hamiltonian taking into account the structural arrangement data of the Chl molecules in LHC-II allowed us to obtain the stick-type energy spectrum. As most of Chls of both types a and b are weakly excitonically coupled, it is reasonable to assume that the convolution of the latter with the line contours of Chl a and Chl b molecules (Table 1 ) obtained using mutant LHC-II proteins lacking one Chl a or Chl b molecule [29] comprises the model spectrum that can be compared with the absorption spectrum measured at room temperature. Assuming that the inhomogeneous distribution is the same for all the Chls, these profiles are expected to properly take into consideration the local inhomogeneous distribution of the Chl site. Then the main fitting parameters are the positions of the absorption spectra of all Chls. For the spectrally homogeneous model the transition energies appear to be at 674 nm for all Chl a and at 655 nm for all Chl b molecules. The calculated OD and CD spectra using the spectrally homogeneous model do not fit properly the corresponding experimental spectra [30] (Fig. 1, dotted lines) suggesting that further steps in improvement of the calculated spectra are required. Further on we will assume that molecular transition energies of all Chls in the LHC-II monomer are different.
Evolutionary search for the Chl transition energies
The trimeric LHC-II complex binds 42 Chl pigments. To find transition energy for each Chl molecule one has to delve into multidimensional space of search (the number of dimensions is equal to the number of Chl molecules in the complex), which is unpredictable in terms of continuity and the derivative existence, and contains a huge number of possibilities as well. To find an answer in space with such properties, the search procedure with capabilities of parallel exploration of the multidimensional space and blindness to auxiliary information is needed. The genetic algorithm developed by Holland [31] is the most suitable search procedure that meets these requirements. A similar application of the genetic algorithm in search for transition energies of photosystem I core complex has been recently presented [32] . Here we employ a simple genetic algorithm [33] .
Practical realization of the algorithm begins with the binary encoding of the excitation wavelength variance for single Chl. Wavelengths are allowed to vary from 638 to 702 nm (638-659 nm for Chl b and 660-702 nm for Chl a) with the step of 1 nm comprising 64 different values. To encode a given range, 6 bits of information, also called a gene, are needed. Thus, to encode the excitation wavelengths of all Chls of the LHC-II, the string of 14 genes, also called a chromosome, is composed.
A stochastic tournament implementation of the reproduction operator was used. It is based on a random selection of two strings from the old population with subsequent duel for participation in a mating process. A duel process is controlled by a selection factor -a constant that determines the probability for the string with better fitness to win the tournament. If the uniform random number generated from the interval [0; 1] is smaller than the selection factor, the winner is one with better fitness. As mating occurs in pairs and the reproduction operator returns a single parent; to produce a pair of mating strings it has to be called twice. During the fitness-dependent reproduction cycle, when the value of the selection factor is larger than 0.5, strings with higher fitness have a larger number of offsprings in the succeeding generation.
Each string randomly seeded with 14 binary coded excitation wavelength values represents a trimeric LHC-II complex (or solution). Code alterations of each string by genetic operations during an evolutionary process occur according to the fitness of the individual Table 1 .
Experimental data (solid line) are taken from [30] .
string. To evaluate fitness, the string undergoes a decoding procedure. The decoded string, also called an individual, consisting of 14 Chl excitation wavelengths (energies) is substituted into the Hamiltonian determined by Eq. (1) and the diagonalization of the latter is performed. By using the eigenvalues and eigenvectors the OD and CD spectra are calculated. The LD spectrum calculations can also be easily added. The obtained stick spectra are dressed with line contours of single Chl a and Chl b molecules as described above. The χ 2 criterion is finally used to estimate the deviation of the simulated OD and CD spectra from the experimental data and serves for the solution fitness or the payoff. Genetic algorithm parameters. The population size was 10000. To reach the convergence of search, from 100 to 200 generations were needed. The optimal selection factor, crossover and mutation probabilities were found to be about 0.8-0.9, 0.8, and 0.008-0.01, respectively.
The Chl excitation energy assignment corresponding to the best fit obtained by the genetic algorithm search is presented in Table 2 and Fig. 2 . The newly calculated OD and CD spectra are presented in Fig. 1 by dashed lines. The theoretical OD spectrum fits the experimental one very well. The simulated CD spectrum follows the shape of the experimental spectrum, however showing a systematic shift on a vertical axis. This can be related to the intrinsic rotational activity of the Chls [34] that has not been taken into account.
Validation of GA search results. Exciton-exciton annihilation dynamics
Calculations of the transient absorption spectrum were based on the one-dimensional annihilation (coagulation) model with periodic boundary conditions for nearest-neighbour type interactions [35, 36] . To simulate the process of a real system the basic model was extended into the three-dimensional model with neighbour-neighbour type interactions.
The dynamics of the system was determined by the rates Γ α,β γ,δ for the neighbour-neighbour interactions:
Here a value of α, β, γ, δ, = 1 corresponds to an excited Chl molecule and a value of 0 to a Chl molecule in the ground state. In an initial state every Chl molecule of the trimeric LHC-II complex is excited with equal probability p at t = 0. We denote a discrete time step by ∆t. The value of ∆t must be chosen so that max Γ α,β γ,δ · ∆t ≤ 1. Each Monte Carlo step consists of the following operations:
1. An excited Chl molecule is chosen at random and afterward, by playing the roulette wheel game, is situated on one of its neighbours. To play the roulette wheel game the wheel must be divided into parts. The number of parts is equal to the number #  b601 a602 a603 a604 b605 b606 b607 b608 b609 a610 a611 a612 a613 a614   nm  659  673  674  661  639  659  659  656  659  671  672  675  673 of neighbours that the chosen molecule α has. The size of each part is equal to
Here N is the number of molecules in the trimeric LHC-II complex and N −1 is the number of neighbours of the α molecule. Then the random number from interval [0; 1] is generated. Values of x j are summed until the resulting sum becomes larger than the random number. The index of the last added x j value is declared as neighbour of the α molecule.
2. New configuration (γ, δ) = (α, β) is chosen with the probability n(α, β)Γ α,β γ,δ ∆t or the pair remains unchanged with probability
Here n(α, β) is defined by
where N e is the total number of the excited Chl molecules in the trimeric LHC-II complex. The given model was successfully tested using the onedimensional string of the variable length under periodic boundary conditions [36] .
For the Monte Carlo simulations of the real system dynamics the rate constants for energy transfer from a donor pigment j to an acceptor pigment i were calculated according to the Förster formula [37] :
In this formula ω denotes the wavenumber (cm −1 ), f j (ω) is the fluorescence spectrum of the donor pigment with area normalized to unity, and ξ i (ω) is the molar decadic extinction coefficient of the acceptor molecule. N A is the Avogadro number, n is the refractive index of the surrounding medium, and τ 0j is the radiative lifetime (ns) of the donor. The energy transfer rate depends on the distance R ij between the pigments and on the orientation factor k ij (see Eq. (5)).
To fulfil the detailed balance condition, back-transfer rates returned by the Förster Eq. (7) are multiplied by the Boltzmann factor. If the transition energy of the donor pigment ε j (cm −1 ) is lower than transition energy of the acceptor pigment ε i (cm −1 ), the constant of the back-transfer is calculated accordingly as
where T is the temperature.
To validate results obtained after the evolutionary search procedure, Monte Carlo simulation [38] of the transient absorption spectra of the trimeric LHC-II complex was performed. To obtain good agreement with the experimental data, the value of the refractive index n was set to 2.5. The simulated transient absorption spectrum of the trimeric LHC-II complex is presented in Fig. 3 . Monte Carlo simulations of the transient absorption spectrum of the trimeric LHC-II complex assume that the given number of exitations are populated on pigments instantaneously. In reality the excitation of the system is achieved using a pulse, which is not infinitesimally short, but has the duration of about 6 ps. During this period of time two opposite processes take place: a gradual excitation of the LHC-II complex and fast annihilation of newly formed excitations. The disagreement between the simulated results and the experimental data at the very early phase of transient absorption spectra is clear (see Fig. 3 ). After about 7 ps the influence of the excitation pulse duration vanishes and a good agreement with the experimental data is achieved. It suggests that the GA determined values of Chls transition energies are rather reliable.
Discussion and conclusions
Knowledge of the structural organization of the pigment molecules in the LHC-II complex provides the possibility of calculating the excitation energy spectrum by using various theoretical approaches. As demonstrated in Figs. 1(a) and (b) , calculation of the exciton spectrum by assuming the homogeneous transition energies for all Chl a and Chl b pigments and the same refractive index by estimating the matrix elements of the resonance interaction does not fit the experimental OD and CD spectra. Inhomogeneity of the transition energy distribution (diagonal distribution of the molecular transition energies) substantially improves the possibility of fitting the OD spectrum ( Fig. 1(a) ). The simulated CD spectrum ( Fig. 1(b) ) still shows the systematic shift on the vertical axis relative to the experimental one. However, it can be accounted for by taking into consideration the intrinsic Chl rotational strength [34] . The use of the GA search enables testing a multitude of the possible Chl excitation energy assignments. When fitting the OD spectrum only, the number of relevant Chl energy assignments is very large (up to 1000). This set also includes the assignment similar to one recently obtained [25] . It is clear because the OD, LD, and steady-state fluorescence spectra with subsequent selection of the final assignment to fit the kinetic data were used by these authors for the fit criterion. However, including CD into the fit criterion introduces much stronger constraint on the orientations of Chls which is indeed critical. The number of the relevant assignments is reduced to just a few, very similar to one presented in Fig. 2 . Note that the previous assignment [25] does not properly follow the CD spectrum although it only slightly differs from the one obtained by us (for comparison see Fig. 4 ).
Three lowest states (in the limits of the thermal energy at room temperature) localized on sites a611-a612, a613-a614, and a602-a603 are close to the attribution as obtained in [25] (a610-a611-a612, a602-a603, and a613-a614). These sites of exciton localization are of great importance because they constitute the superlattice for the excitation energy migration across the peripheral light-harvesting antenna. Fig. 4 . Comparison of the obtained Chl site excitation energies (maxima of absorption spectra) to ones from [25] . Reference data [25] comprising the positions of the zero phonon lines are shifted by 330 cm −1 for better view.
The validation of the obtained Chl excitation energy assignment has been performed by simulating the exciton-exciton annihilation kinetics measured at 682 nm. Due to a particularly low excitation wavelength the relevance of the excitation energies of Chls a has been verified.
The disagreement between the refractive index values while simulating the steady-state (n = 1.5) and transient absorption (n = 2.5) spectra is obtained. To calculate the spectral overlap integrals for the Förster transfer rates the Chl spectral shapes obtained from the mutant LHC-II proteins lacking one Chl a or Chl b molecule [29] have been used. However, these experimentally obtained spectral shapes consist of a homogeneous profile convoluted with the site inhomogeneous distribution function. Broader spectra overestimate the obtained overlap integrals. Therefore, by applying a higher refractive index the transfer rates have been properly rescaled. This suggests that the refractive index relevant for LHC-II should be less than 2.5. The final energy distribution by no means is determined by the reliability of the experimental data used for fitting. Spectra collected from different kind of sources (different kind of species of the host organism) and measured under different conditions make results of calculations less reliable. Moreover, the nature of the GA does not allow finding an accurate answer because of the limited resolution of the space of encoded parameters and randomness in the basic operators used. Therefore every set of Chl transition energies returned by the GA contains uncertainties that add up to the reliability issues of the experimental data. However, the GA is a powerful search tool that does not require any auxiliary information or huge computation power and is capable of finding solution in multidimensional space in a relatively short time. For the problems of such complexity it is the most suitable tool with acceptable level of inaccuracy.
